Volume loading is used to treat hemodynamically compromised patients with acute pulmonary embolism despite data to suggest that volume loading after embolism might cause a leftward shift of the ventricular septum with a subsequent decrease in left ventricular (LV) end-diastolic volume and stroke work. We studied 10 closed-chest, anesthetized, and ventilated dogs to assess the effects of volume loading after pulmonary embolism caused by autologous clot. LV, right ventricular, and right atrial pressures as well as LV anteroposterior, septum-to-right ventricular, and septum-to-LV free wall diameters (sonomicrometry) were measured. Pericardial pressure was measured with flat, liquid-containing balloons. The effects of volume loading were assessed before embolism, after one episode of embolization, and after repeated embolizations. The LV area index (as a reflection of LV volume) increased during volume loading before embolism (2,870 ±430 to 3,080±520 mm2; p<0.05), did not change significantly during infusion of fluid after one embolization (2,850+±470 to 2,860+±500 mm2; p=NS), and decreased significantly during volume expansion after repeated embolizations (2,760±440 to 2,660+420 mm2; p<0.01). An index of LV stroke work increased (188±+ 85 to 260±+-101 mm Hgxmm2; p<O0.05), did not change significantly (188±39 to 203+52 mm Hgxmm2; p=NS), and decreased markedly (133±64 to 45±27 mm Hgx mm2; p<0.001) before embolism, after one embolization, and after repeated embolizations, respectively. The decrease in LV area index during volume loading after repeated embolizations was associated with an increase in septum-to-right ventricular free wall diameter (31+8 to 34±8 mm; p=0.001) and a decrease in the septumto-LV free wall diameter (44±5 to 42±5 mm; p<0.001), whereas the LV anteroposterior diameter did not change (62±5 to 63±5 mm; p =NS). This is compatible with a leftward septal shift being partially responsible for the decrease in LV end-diastolic volume; such a shift would be expected with the observed decrease in transseptal end-diastolic pressure gradient (-3 ±2 to -5±2 mm Hg; p=0.001). In addition, after repeated embolizations, LV transmural pressure decreased in response to the volume load reflecting a marked increase in pericardial pressure. We conclude that in this model, volume loading may cause hemodynamic deterioration after pulmonary embolism, which occurs because of ventricular interaction mediated both by a leftward septal shift and an increased pericardial pressure as well as reduced LV transmural pressure (preload). Stroke work decreases by the Frank-Starling mechanism. (Circulation 1989;80:178-188) A cute pulmonary embolism may result in reduced cardiac output, hypotension, and death.1-9 A variety of approaches have been used to treat the hemodynamic consequences of embolism, including administration of thrombolytic agents,",10
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Methods

Animal Preparation
After premedication with 0.75 mg/kg morphine i.v., 10 dogs (20-29 kg) were anesthetized, initially with sodium thiopental (10-15 mg/kg i.v.) and then with an infusion of fentanyl citrate (50 gg/kg over 5 minutes followed by 20-50 ,ug/kg/hr). The animals were ventilated with a 70% nitrous oxide-30% oxygen mixture with a constant volume respirator (model 607, Harvard Apparatus, Millis, Massachusetts). Autologous blood clot was prepared by adding 1,000 units thrombin to 100-150 ml freshly drawn blood; this was cut into 0.5-1 cm3 portions for injection.
A midline sternotomy was performed with the dog in the supine position. During instrumentation, aortic pressure was maintained by infusion of Ringer's lactate solution (100-200 ml). In six animals, the ventral surface of the pericardium was incised transversely along the base of the heart and the heart was removed from the pericardium. Two flat, liquid-containing balloons25 were sutured loosely (two sutures) to the heart, one on the anterolateral surface of the left ventricle and the other on the midright ventricle. Septum-to-RV free wall, septum-to-LV free wall, and LV anteroposterior diameters were measured by sonomicrometry (Triton Technology, San Diego, California) as previously described. 25 The heart was repositioned in the pericardium and the margins were loosely reapproximated with several individual sutures, taking care to not compromise the normal pericardial volume.
In four animals, pericardial "zippers" were produced by opening the pericardium ventrally along both the long and short axes of the heart. After similar instrumentation, metal surgical clips were attached to the cut edges and guidewires were threaded through alternate clips from each of the opposing edges to reapproximate the cut margins of the pericardium. The wires were exteriorized through the chest wall. Pleural balloons (identical to pericardial balloons) were implanted in the pleural cavity adjacent to the pericardium over both ventricles.
LV and RV pressures were measured with 8F micromanometer-tip catheters with reference lumens (model PR279, Millar Instruments, Houston, Texas) inserted through a carotid artery and internal jugular vein, respectively. Aortic and right atrial pressures were measured with fluid-filled catheters introduced through peripheral vessels. A large-bore catheter was placed in a femoral vein and connected to a reservoir that was used for volume loading and collection of blood during phlebotomy. A single electrocardiographic lead and a signal indicating end expiration were also recorded. The chest was closed, and the animal was stabilized.
Conditioned signals (model VR16, Electronics for Medicine/Honeywell, White Plains, New York) were recorded with a PDP-11/23 MINC computer (Digital Equipment Corporation, Maynard, Massachusetts). The analog signals were passed through antialiasing low-pass filters with a cutoff frequency of 100 Hz and were then sampled at a frequency of 200 Hz. The digitized data were subsequently analyzed on a VAX 11/750 computer (Digital Equipment Corporation).
Experimental Protocol
Hemodynamic and ultrasonic measurements were obtained continuously for 4-6 minutes during each intervention beginning with a 30-second control period. The mean duration of the experiments was 70 minutes (range, . To establish control (preembolism) LV pressure-volume relations, heparinized Ringer's lactate solution (300-600 ml) was infused to raise the LV end-diastolic pressure (LVEDP) to approximately 30 mm Hg; the pressure returned to the preinfusion level (normal) with phlebotomy. The animals were then allowed to stabilize. Pulmonary embolism was subsequently produced at intervals of 5-10 minutes by injecting 5-10 clot fragments suspended in 5-10 ml residual blood through the large-bore catheter in the femoral vein. Volume loading (200-600 ml Ringer's lactateblood mixture over 1-3 minutes) was repeated after each one to three embolizations; after each volume 
Values are mean±SD. During volume loading, measurements were made at the time LVEDP reached its highest value. HR, heart rate; RVS, right ventricular peak systolic pressure; LVS, left ventricular peak systolic pressure; RAP, right atrial end-diastolic pressure; PPRV, pericardial pressure over RV; PPLV, pericardial pressure over LV; RVEDP, RV end-diastolic pressure; LVEDP, LV end-diastolic pressure; trans LVEDP, transmural LVEDP; TSG, transseptal pressure gradient. load, phlebotomy was performed sufficient to return LVEDP to the preinfusion level. When critical hemodynamic deterioration was apparent during volume expansion, blood was rapidly withdrawn to attempt to reverse the effects. In the animals with pericardial zippers, the infusion was stopped when deterioration occurred and the guidewires were quickly removed, causing the pericardium to open widely. The experiments ended when the animals died, either secondary to an embolization or, in the animals with pericardial zippers, when the effects of volume loading could not be reversed.
Data Analysis
Only data collected at end expiration were analyzed. The data presented for volume loading after repeated embolization reflect the most profound changes observed in each experiment (usually the final volume load). Transmural LVEDP was calculated as intracavitary pressure minus pericardial (balloon) pressure over the left ventricle. Estimated transmural LVEDP was calculated as LVEDP minus right atrial pressure.32,33 The product of the LV minor axis diameters (anteroposterior x septumto-LV free wall) was used as an index of LV area and, hence, volume. LV area stroke work (the integrated area of the LV pressure-area index loop) was used as an index of systolic function. Transseptal pressure gradient was calculated as LVEDP minus RVEDP. Data from all 10 animals were combined for analysis because no differences in the effects of the interventions were observed in the animals with and without pericardial zippers.
Statistical Analysis
Least-squares linear regression was used to correlate estimated transmural LVEDP with LV area index and area stroke work, as well as pericardial pressure with right atrial pressure. The effects of volume loading were tested by repeated-measures analysis of variance. Ap value of less than 0.05 was considered significant.
Results
Effects of Volume Loading Before and After Embolism
The hemodynamic effects of volume loading during the control period (before embolization), after one embolization, and after repeated embolizations are shown in Table 1 . The cumulative effect of a mean of seven (range, 4-11) embolizations was a large increase in RV systolic pressure (80+11 mm Hg after the last embolization compared with 39+12 mm Hg before the first embolization [p<0.001]).
The elevated RVEDP (8+2 mm Hg) before embolization was attributable to the volume expansion performed to establish the normal pressure-volume relation. During control volume loading, heart rate; peak RV and LV systolic, end-diastolic right atrial, pericardial (over both ventricles), RV, LV, and transmural LV pressures; and transseptal pressure gradient increased significantly. During volume loading after the first embolization, heart rate and peak RV systolic pressure did not change significantly, whereas LV systolic pressure increased (p<0.05). The increases in right atrial, pericardial (over both ventricles), RVED, LVED, and transmural LVED pressures were similar to those that occurred during control volume loading. There was no significant change in the transseptal pressure gradient. During volume loading after multiple embolizations, heart rate and peak RV systolic pressure did not change significantly, whereas the decrease in LV systolic pressure was statistically significant. The increases in right atrial, RVED, LVED, and pericardial pressures were similar to those observed in response to earlier volume loads. However, volume loading at this time was associated with a significant decrease in transmural LVEDP and transseptal gradient. Table 2 lists the effects of volume loading during the control period, after one embolization, and after repeated embolizations on ventricular dimensions and LV systolic performance. During control volume loading, septum-to-RV and septum-to-LV free wall diameters did not change significantly, whereas there was a small but significant increase in LV anteroposterior diameter. LV area index and area stroke work also increased significantly. During volume loading after one embolization, the septumto-LV free wall diameter did not change significantly, whereas the septum-to-RV free wall and LV anteroposterior diameters increased significantly. There was no significant change in LV area index or area stroke work. However, volume loading after repeated embolizations caused a significant decrease in septum-to-LV free wall diameter, a significant increase in septum-to-RV free wall diameter, and no significant change in LV anteroposterior diameter. LV area index decreased significantly (p<O.O1), and there was a marked decrease in area stroke work (p<O.OO1). Figure 1 illustrates the different effects of volume loading when performed before embolization, after several injections of clot, and after repeated embolizations in a representative animal. During control (preembolism) volume loading, transmural LVEDP, transseptal pressure gradient, septum-to-LV free wall diameter, LV area index, and area stroke work increased, whereas septum-to-RV free wall diameter decreased. During volume loading after two embolizations, the transseptal pressure gradient increased (although any change in transmural LVEDP was minimal). The septum-to-LV free wall diameter increased (while septum-to-RV free wall decreased), the area index increased, and systolic function improved as evidenced by an increase in area stroke work. However, after multiple embolizations (six and eight), infusion of fluid resulted in a decrease in transmural LVEDP and transseptal pressure gradient, an increase in septum-to-RV free wall diameter, and a decrease in septum-to-LV free wall diameter, area index, and area stroke work.
The effects of volume loading after multiple embolizations in the remaining animals are shown in Figure 2 . The increase in LVEDP was associated with a decrease in LVED transmural pressure (eight of nine dogs), transseptal pressure gradient, area index (eight of nine animals), and area stroke work. The decrease in stroke work was often apparent after the LVEDP was only mildly increased, although the most profound changes usually occurred when the LVEDP was very high. In most animals, the drop in LV systolic pressure (not shown) was dramatic. There was no change in pleural pressure in the animals in which it was measured.
As seen in the example in Figure 3 , transmural LVEDP was closely related to LV area index; both were closely related to area stroke work during both embolization and volume loading throughout the experiment. In this figure, the crosses represent measurements obtained during volume loading after embolization in experiment 10 (Figure 2 ), highlighting the decrease in transmural LVEDP, area index, and stroke work despite the increase in LVEDP. Figure 4 shows an example of the close relations between transseptal pressure gradient and septumto-RV and septum-to-LV free wall diameters during volume loading in a representative animal. As the transseptal gradient became more negative, there was an increase in septum-to-RV free wall diameter and a decrease in septum-to-LV free wall diameter (consistent with a leftward septal shift).
As seen in the example in Figure 5 (top panel), changes in transseptal gradient appeared to correlate with changes in LV stroke work, whereas there was no apparent relation between changes in LVEDP and stroke work. The bottom panel shows the close relation between change in transseptal gradient and change in LV stroke work during the initial 15 mm Hg increase in LVEDP due to volume loading at six different stages of the experiment. The mean r value for all dogs was 0.79+0.30; the mean slope was 10+8%/mm Hg; and the mean intercept was -5+13%/mm Hg. A decrease of 1 mm Hg in the transseptal pressure gradient during volume loading was associated with a mean reduction of 10% in area stroke work despite a 15 mm Hg increase in LVEDP. The converse was also true (i.e., an increase in transseptal pressure gradient was associated with a similar increase in LV area stroke work). Thus, the change in area stroke work could be predicted by the change in transseptal gradient but not by the alteration in LVEDP. When the transseptal gradient was 0 mm Hg or less before volume loading, there was a tendency for infusion of fluid to have a detrimental effect; however, this was not consistent enough to predict the response reliably. Figure 6 (data from a representative animal with a pericardial zipper) illustrates the effects of opening the pericardium after a volume load that caused deterioration in LV function. Before release of the zipper (indicated by the vertical line), a minimal increase in LVEDP was associated with severe hemodynamic deterioration. When the pericardium was opened, pericardial pressure decreased. However, pericardial pressure was still greater than pleural pressures suggesting that there was still some pericardial constraint. Transmural LVEDP, LV diameters, LV area, and area stroke work all increased. However, the increase in area stroke work was transient, and this animal, as well as the other three, died.
Estimated LV Transmural Pressures
The correlation between right atrial pressure and pericardial pressure over the LV was excellent in all animals, the r value ranging between 0.92 and 0.998. The mean slope was 0.94±0.12, and the mean intercept was -0.1 + 1.7 mm Hg. Plots of hemodynamic and dimensional changes due to volume loading in the remaining nine animals. The interval ofvolume loading is indicated by the bars; phlebotomy wasperforned immediately after volume loading. During phlebotomy stroke work increased promptly in three animals, whereas recovery was delayed in the other surviving animals (not shown). Data from dog 10 are shown on far right. NLV area, nonnalized LV area; NLVSW, normalized LVSW (100%=highest value recorded); SLVFW, septum-to-LV free wall diameter; SRVFW, septum-to-RVfree wall diameter; trans LVEDP, transmural LVEDP; TSG, transseptal pressure gradient. mural LVEDP (using right atrial pressure to estimate pericardial pressure) correlated well with LV area index (mean r, 0.70+0.19) and area stroke work (mean r, 0.81+0.14).
Discussion
With this model, we have previously demonstrated that LV compliance and contractility are not altered by pulmonary embolism and that the deterioration observed in LV function is determined primarily by reduced preload. 32 In the present study, there was a similar close relation between LV preload (defined by both transmural LVEDP and LV area index) and systolic function. Thus, volume loading altered LV function primarily by causing changes in preload. The effects of volume loading, however, differed depending on the timing of the intervention.
Control volume loading (before embolization) resulted in increases in transmural LVEDP, transseptal pressure gradient, LV area index, and area stroke work. The increases in septum-to-RV and septum-to-LV diameters were not statistically significant, although the increase in LV anteroposterior diameter was significant. After one embolization, volume loading resulted in no significant change in transseptal pressure gradient, LV area index, or area stroke work, although there was a significant increase in LV transmural pressure. There was no change in the septum-to-LV free wall diameter but the LV anteroposterior and septum-to-RV free wall diameters increased significantly. However, after LVarea (mm2) FIGURE 3 . Plots of relations between left ventricular end-diastolic transmural pressure (trans LVEDP), area (LVarea), and area stroke work (LVSW) duringpulmonary embolism and volume loading before and after embolization in a representative animal. Volume loading afterpulmonary embolization does not cause a change in diastolic compliance or contractility, and the reduction in LV performance can be explained by the decrease in preload. Measurements made during volume loading after embolism are represented by open symbols; crosses represent measurements made during the intervention shown in Figure 2 (dog 10) and the arrows indicate the beat-to-beat temporal progression.
repeated embolizations, volume loading led to hemodynamic deterioration as evidenced by a significant decrease in LV area index and a marked reduction in area stroke work. Despite the increase in LVEDP, both the end-diastolic transmural and transseptal pressures decreased significantly. The decrease in (o) SRVFW, ( SLVFW (mm) FIGURE 4 . Plots of relations between transseptal pressure gradient (TSG), septum-to-left ventricle free wall diameter (SLVFW), and septum-to-right venticle (SRVFW) during volume loading throughout an experiment in a representative animal. Septal position depends on the transseptal pressure gradient; a decrease in TSG was associated with an increase in SRVFW and a decrease in SLVFW.
transseptal pressure was associated with a decrease in septum-to-LV free wall diameter and an increase in septum-to-RV free wall diameter compatible with a leftward septal shift (no change in LV anteroposterior diameter). This phenomenon has been observed previously during volume loading in patients with chronic obstructive pulmonary disease. 19 The close relation between transseptal pressure gradient and septum-to-free wall diameters of both ventricles is consistent with our understanding of ventricular interaction by the septal and pericardial mechanisms in both humans and animals.20,23,30 For any incremental increase in LVEDP, there was a close relation between the change in area stroke work and the change in the transseptal gradient, which, as we have repeatedly shown, is approximately equal to transmural pressure (i.e., LVEDP minus pericardial pressure). An increase in the transseptal pressure gradient was associated with a predictable increase in area stroke work, and the converse was also true. The detrimental effects of volume loading were generally evident after a small increase in LVEDP (Figures 1  and 2) , although in some animals, the dramatic changes occurred only when it was markedly elevated (i.e., >20 mm Hg). The importance of pericardial constraint in mediating the adverse effects of volume loading was demonstrated in the four animals in which the pericardial zippers were released when hemodynamic deterioration occurred. There was an immediate increase in LV diameters, area index, and area stroke work. However, this was transient and all animals soon deteriorated. The mechanism of this deterioration is uncertain; it is possible that acute RV dilatation was responsible although our study was not designed to address this question. Phlebotomy, which generally resulted in improvement after volume loading had caused hemodynamic deterioration, was not effective in any of these animals after the pericardium had been opened.
Because RV pressure is the external constraint to one third of the LV circumference, Mirsky and Rankin35 have previously suggested that RVEDP be included in the estimation of LV transmural pressure. Because right atrial (and therefore RVED) pressure was a very accurate reflection of pericardial pressure in this study, the results would not be altered by use of this algorithm. However, we would suggest that it may well be appropriate to consider both RV and pericardial pressures simultaneously in this way. The potentially useful predictive relation shown in Figure 5 , bottom panel, was plotted in terms of the change in transseptal gradient because pulmonary capillary wedge and right atrial pressures can be measured at the bedside, thus providing an estimate of the transseptal gradient. It remains possible that the relative contributions of septal shift and pericardial compression to the reduction of the septum-to-LV free wall diameter are similar.
When the hemodynamic deterioration during volume loading was not severe, phlebotomy usually resulted in prompt improvement. This was associated with a decrease in the septum-to-RV free wall diameter, and increases in the septum-to-LV free wall diameter, LV area index, and area stroke work. Thus, phlebotomy-induced improvement could be accounted for by a rightward septal shift and a resultant increase in LV diastolic volume. Because these changes in LV volume occurred over a short time period, it seems unlikely that improvement was due to a substantially altered pulmonary vascular resistance. Of interest, when there was severe deterioration in LV performance during volume loading, improvement was often delayed. The mechanism of the delayed response is unknown.
Whereas volume loading may have adverse hemodynamic effects following pulmonary embolism, it has been shown experimentally to improve LV 18 However, in that model, the RVEDP before volume expansion was only minimally elevated over control; infusion of fluid then resulted in an increase in both RV and LV preload. After repeated pulmonary emboli in our model, RVEDP was already considerably elevated (mean, 12±2 mm Hg) before volume expansion. Fluid administration in this setting caused a decrease in LV preload and, therefore, in stroke work.
As shown in Figure 3 , both embolization and volume loading after embolization affect LV function primarily by altering LV preload and, consequently, stroke work. Thus, as was the case during pulmonary embolism,32 neither LV compliance nor contractility were substantially altered during volume loading after embolization.
Previous reports have suggested that the benefits of volume loading following pulmonary embolism may be limited by the constraining effects of the pericardium and that an increase in RV diastolic filling can only be achieved by a reduction in LVED volume. 8, 9 However, this has not been systematically studied previously. In this study, we have been able to define how the effects of volume loading vary depending on the severity of hemodynamic insult from pulmonary embolism and demonstrate that these effects are dependent on ventricular interaction via both the septal and pericardial mechanisms. Because this work was performed in anesthetized, instrumented, and ventilated animals, the data cannot be extrapolated directly to the clinical setting. Volume expansion was rapid and LVEDP was often raised to very high levels. However, as shown in Figures 1 and 2 , the adverse effects of volume loading were apparent well before the infusions were completed and frequently when the LVEDP was only minimally raised. Our findings, therefore, demonstrate that volume loading may be detrimental under hemodynamic conditions similar to those encountered clinically. While volume expansion is likely to have undesirable effects only when embolism is severe, it is under these circumstances that it is most likely to be used. Our study was not designed to assess combined treatment with inotropic drugs and volume loading so that the effects of such a treatment strategy remain undefined.
As suggested previously36 and as we have shown in this and a previous study32, neither LVEDP nor changes in LVEDP can be used to estimate LVED volume reliably during pulmonary embolism. Our data suggest that it is possible to estimate transmural LVEDP (and transseptal pressure gradient) by subtracting right atrial pressure (which closely reflects pericardial pressure33'34) from pulmonary capillary wedge pressure and thereby detect changes in LVED volume. As shown in Figure 5 , volume expansion which results in a decrease in the transseptal pressure gradient would be expected to have an unfavorable effect on LV performance. Because the transseptal gradient can be measured from a Swan-Ganz catheter, this should be evaluated clinically. Although the transseptal gradient was almost always reduced before volume loading would adversely affect LV performance, it was not possible to reliably predict the response to volume loading before infusing fluid (i.e., from the absolute value of the transseptal pressure gradient).
Our data suggest that it may be possible to predict whether volume loading will be beneficial from careful observation of the change in transseptal gradient. If the transseptal gradient increases, fluid might be administered cautiously. However, if the transseptal gradient decreases, the infusion should not proceed without some other demonstration of benefit. This needs to be tested in patients by measuring transseptal gradient, cardiac output, and, preferably also, ventricular dimensions.
On the basis of the present study, it should not be assumed that volume loading will be beneficial in patients who are hemodynamically compromised after acute pulmonary embolism. If volume loading is to be attempted, a better index of LV preload than LVEDP (like estimated transmural LVEDP) and stroke output should be monitored carefully to ensure that such therapy is not detrimental.
